The roles of heterotrophic organisms (microzooplankton, mesozooplankton, bacteria and heterotrophic nanoflagellates) were examined during a nutrient enrichment experiment using a mesocosm in Saanich Inlet, British Columbia, Canada. Grazing rates of microzooplankton, copepods, and Noctiluca scintillans were respectively estimated by the dilution method, from the egg production, and the apparent growth rate. The primary production increased by about 11 times during the initial 3 days, and the grazing rate by zooplankton also increased by 7.4 times. The primary production exceeded the grazing rate during the initial 5 days, after that, almost balanced rates were observed. Biomass peaks of bacteria and HNFs (heterotrophic nanoflagellates) were observed after the decline of the phytoplankton bloom. Bacterial production and HNF bacterivory gradually increased from the beginning to the end of the experiment. Microzooplankton consistently removed about half of the primary production. The contribution of microzooplankton to grazing was largest during the initial 7 days. Heterotrophic dinoflagellates were the most dominant component of the microzooplankton, but oligotrich ciliates showed the fastest growth response to phytoplankton production. Noctiluca scintillans became an important grazer after the bloom. Overall, the contribution of microzooplankton grazing was the largest of the processes through which phytoplankton were lost. Cell sinking was a minor component contributing to loss of phytoplankton. Thus, oligotrich ciliates and heterotrophic dinoflagellates were the most plausible organisms contributing to the steady state of phytoplankton concentrations.
Introduction
In marine environments, algal production is always kept in check by grazers. The algal biomass, as well as other trophic levels, is controlled both by grazing (top down control) and nutrient supply (bottom up control). In the subarctic Pacific Ocean, a high nitrate and low chlorophyll (HNLC) condition is observed throughout the year, and microzooplankton grazing has been suggested to be one of the most important factors controlling this phenomenon (Frost 1991 , Miller et al. 1991 , Strom & Welschmeyer 1991 , Strom et al. 2007 , as well as phytoplankton growth limitation by iron (Martin & Fitzwater 1988 , Landry et al. 1997 , Tsuda et al. 2003 , Boyd et al. 2004 .
It has become increasingly evident that microzooplankton are the major grazers of phytoplankton (Banse 1995) , and the major role of mesozooplankton, such as copepods, is selective predation on microzooplankton rather than direct grazing on phytoplankton, especially in open oceans (Hansen et al. 1993 , Gifford 1993 , Dagg et al. 2009 ). These differences in the role in grazing processes mainly originate from differences in their growth rates. Microzooplankton mainly consist of protists and generally have higher growth rates than mesozooplankton, and therefore their numerical response is more important in controlling the increase in algal production. In contrast, mesozooplankton such as crustaceans have longer life spans with slower growth rates, and therefore their functional response is more important. In addition, in the last two decades, a new carbon pathway termed the "microbial loop" has been proposed (Azam et al. 1983 ) and many studies have shown its importance in material flow (e.g. Fukami et al. 1996) . It is supposed whether organic carbon produced by phytoplankton goes into the grazing food chain or microbial loop depends on the physiology and/or community structure of the phytoplankton (Roman et al. 1988 , Levasseur et al. 1996 . However, it is very difficult to figure out the mechanisms controlling a certain trophic level biomass and carbon flow in marine food webs, because of the complexity in both the food webs and the physical environments. Usually, carbon flows have been estimated from standing stocks and laboratory-measured rates such as feeding and production (e.g. Ishizaka et al. 1997) . Mesocosm experiments have been carried out for natural assemblages with less complexity in the physical environment and with some manipulations such as nutrient addition. Thus, mesocosm experiments are powerful tools to examine the responses of marine organisms and the changes in carbon flow in an ecosystem to some environmental stimuli (Heiskanen et al. 1996 , Keller et al. 1999 .
In the present study, the grazing on phytoplankton and production rates by dominant zooplankters, and bacterial production and heterotrophic flagellate feeding on bacteria were examined during a nutrient enrichment experiment using a mesocosm. This was to clarify the changes of carbon flows in the ecosystem to nutrient (nitrate and iron) addition. Nitrate and dissolved iron have been reported as limiting nutrients for phytoplankton production in the oceans (e.g. Martin and Fitzwater 1988) and to affect the species and size composition of phytoplankton, and ultimately the biogeochemical cycles (e.g. Boyd et al. 2007 ).
Materials and Methods

Outline
A polyethylene bag (2.5 m in diameter and 16 m in length) was deployed at the surface in Patricia Bay, Saanich Inlet, British Columbia, Canada on 20 July 1996 (cf. Suzuki et al. 2002) . The enclosure was sunk to the bottom of the water column, and was raised to the surface by divers to fill it with seawater. Then the water was bubbled using compressed air for mixing (day 0: D0). Ten micro-molar nitrate and 5.4 nano-molar colloidal ferrihydrite were artificially added into the bag and the enclosure was bubbled with air to uniformly distribute the nutrients in the water column (D1) (details presented in Nishioka et al. 2001) .
Samplings were carried out on D0, D1, D2, D3, D4, D5, D7, D9, D11 and D14. Water samples were collected using a perister pump with a hose from an integrated depth between 0 and 4 m, to minimize sampling errors caused by vertical heterogeneity in plankton distribution. During the water sampling, the hose was moved though the water column. An acrylic cod-end (18 cm diameter) was attached onto the bottom of the bag's cone section. Sinking particles were collected on each sampling date by pumping up the materials through an umbilical hose attached to the codend.
General descriptions of the bag experiments, iron budget and HPLC analysis of phytoplankton pigments are presented elsewhere , Nishioka et al. 2001 .
Sampling for mesozooplankton and microzooplankton
Mesozooplankton samplings were carried out on D0, D1, D2, D3, D5, D7, D9, D11 and D14 from the bag. Mesozooplankton were collected by a vertical haul of a small conical net (mouth opening; 22 cm, mesh aperture; 200 mm) from 12-m depth to the surface. The samples were preserved in neutralized formalin seawater (5% v/v). The organisms in the samples were identified and counted under a dissecting microscope.
For microzooplankton, 10 liters of the integrated water from 0 to 4 m was filtered through 10 mm mesh, and the organisms larger than 10 mm were preserved with 2% neutralized formalin seawater. An appropriate aliquot was investigated with an inverted microscope for counting and dimension measurements of microzooplankton. The estimates of ciliate density, especially oligotrich ciliates, were possibly an underestimation because of the usage of formalin as the fixative (Stoecker et al. 1994) . Heterotrophic dinoflagellates were determined on a taxonomic basis. Fifty milliliters of the integrated water was preserved with 2% glutaraldehyde and filtered onto black-stained polycarbonate filters (0.4 mm pore size) for fluorescence microscopy. Heterotrophic dinoflagellates smaller than 10 mm were confirmed by epifluorescence microscopy then counted and sized. The carbon contents of each organism were estimated from the body volume using published conversion factors (Strathmann 1967) .
Egg production measurements for Paracalanus parvus
Another set of samplings of mesozooplankton was conducted by the same method mentioned above on the same dates. The collected samples were immediately diluted using surface seawater collected from outside of the bag. Then the sample was re-concentrated in the laboratory, and adult females of Paracalanus parvus (Claus) s.l. were
Responses of marine pelagic community to nutrient input sorted into filtered seawater under a dissecting microscope. One to three copepods were transferred into a syringe with mesh on the bottom (diameter; 6 cm, mesh aperture; 183 mm) dipped in a beaker filled with filtered (20 mm) surface seawater from the bag. Two to five syringes were set in a waterbath at 17 o C, and the incubation lasted for about 24 h. The females, spawned eggs and fecal pellets were recovered by sieving with a mesh (20 mm) and were fixed in formalin seawater (5%). The number of eggs and fecal pellets were counted under an inverted microscope and sizes measured. Some eggs had hatched into nauplii, so the nauplii were also counted as produced eggs. Carbon contents of the eggs and adult females were estimated from their sizes using the equations of Uye & Shibuno (1992) .
Dilution experiments
Microzooplankton grazing rates (including nano-heterotroph grazing on phytoplankton) were estimated by the dilution method of Landry & Hassett (1982) . Integrated seawater samples between 0 and 4 m were obtained from the bag on D0, D1, D2, D3, D4, D5, D7 and D9. The seawater was filtered through gauze (100 mm mesh opening) to remove macrozooplankton including Noctiluca scintillans (Ehrenberg) Macartney. The prefiltered surface water was sequentially diluted with filtered seawater (GF/F filters) from the same source. Then, a series of HCl-prewashed polycarbonate bottles (1L) was filled with the diluted seawater. Each experiment consisted of a series of 4 dilution treatments (15, 30, 50 , and 83%) each in duplicate. The bottles were hung from a pier in Patricia Bay (2-m depth) and incubated under natural light conditions. Surface irradiance (PAR) was measured continuously with a Li-cor quantum sensor (LI-192SB) and recorded as 10-min averages using a data logger at the pier. Incubations lasted about 24 h. The water (50-150 mL) in each bottle was filtered through a glass-fiber filter (GF/F) at the beginning and the end of the experiments. Filters were then placed into disposable tubes containing either N,N-dimethylformamide (Suzuki & Ishimaru 1990 ) and kept in a freezer for several days for pigment extraction. The chlorophyll fluorescence of the extract solution was determined with a fluorometer (Turner Designs model 10) before and after acidification.
Chlorophyll-a concentration was calculated after Strickland & Parsons (1968) . Phytoplankton growth rate (m) and microzooplankton grazing (g) rates were calculated from linear regressions of apparent growth rate in chlorophyll-a against the dilution factor (Landry & Hassett 1982) . Phytoplankton growth and microzooplankton grazing rates were determined as the y-intercept and the slope of the regression lines, respectively. Addition of nutrients has been recommended to assure the linearity of the regression between the dilution rate and the apparent growth rate of phytoplankton (Anonymous 1994) . However, the change of nutrient concentrations and their ratio alter the species composition of the phytoplankton assemblage (Tilman 1982 ).
Therefore, we chose a less manipulative method without the addition of nutrients. Phytoplankton growth rate was also estimated by the 3-point method of Gallegos (1989) .
Bacterial production and HNF feeding rate on bacteria
A part of the water samples from D0 to D14 were immediately fixed with glutaraldehyde (final conc. 1%) and kept in a refrigerator until counting the abundance of microorganisms. The abundance of bacteria and heterotrophic nanoflagellates (HNF) were determined with epifluorescence microscopy after staining with DAPI (Fukami et al. 1991) . In addition to the abundance, biomasses of bacteria and HNF in terms of carbon were determined. After taking microscopic photographs of bacteria and HNFs, sizes of the organisms were determined for more than 50 cells randomly selected from each sample for obtaining the cell volume. The values of 0.38 pg-C mm Ϫ3 for bacteria (Lee & Fuhrman 1987 ) and 0.22 pg-C mm Ϫ3 for HNFs (Borsheim & Bratbak 1987) were assumed as conversion factors.
Bacterial production rates were determined using the 3 Hlabelled thymidine (TdR) incorporation method (Fuhrman & Azam 1982 , Fukami et al. 1991 . Triplicate samples and duplicate formalin-killed blanks were incubated at in-situ water temperature for 2 h. The conversion factor of 2ϫ10 6 cells pmol TrD Ϫ1 was used for calculating the number of bacteria from the amount of TdR incorporated.
HNF ingestion rates on bacteria were measured using the FLB (fluorescently labeled bacteria) method (Sherr et al. 1987) . Incubation of about 250 mL of seawater samples was started by adding FLB (29% of natural bacteria) in a water bath at the in-situ temperature. After regular time intervals of 0, 10, 20, and 30 min, subsamples were taken and fixed with glutaraldehyde. Ingestion rates of HNFs on bacteria were estimated from the regression line of FLB numbers ingested by HNFs versus incubation time.
Estimates of carbon flow
Grazing (G) and production (P) rates (gC m Ϫ2 d
Ϫ1
) of the dominant grazer's (Paracalanus parvus, microzooplankton, Noctiluca scintillans) were estimated during the experiment according to the following equations; Copepod:
) is the respiration rate estimated from the water temperature and body size distirubtion according Ikeda (1970) . Ass is the assimilation efficiency assumed as 0.7 (Conover 1966) . Bc (gC m Ϫ2 ) is the copepod biomass estimated from body size and number of copepods collected by the net, and carbon biomass was calculated using the equation of Uye & Shibuno (1992) . DR (d
) is the daily ration measured from the egg production rate of females, and the production rate of the copepod population was assumed as the same as the egg production rate of females (Berggreen et al. 1988) .
Microzooplankton:
) is the phytoplankton biomass calculated from the chlorophyll-a standing stock and the POC/chlorophyll ratio of the day. The m and g are phytoplankton growth and microzooplankton grazing rates (d
) estimated by dilution experiments. The g was estimated by the 3-point method of Gallegos (1989) . K1 is the gross growth efficiency assumed as 0.45 (Verity 1985) .
Noctiluca scintillans:
K1 is assumed as 0.45 as for other microzooplankton. Bn (gC m
Ϫ2
) is estimated from the number of cells and carbon content (0.35 mgC cell
Ϫ1
; Tada et al. 2000) The m is estimated from the increase of the cell abundance, 0.515, 0.041 day Ϫ1 for D0 to D7 and D9 to D11, respectively).
Results
Phytoplankton community and nutrients
Surface temperature at sampling time (9-11 AM in local time) ranged between 16.5 and 20.5 o C. The weather was fine between D0 and D10 and cloudy between D11 and D13. Photosynthetically available radiation (PAR) at the sea surface at noon ranged from 1,300 to 1,360 mE s Ϫ1 m Ϫ2 during sunny conditions and ranged from 757 to 988 mE s Ϫ1 m Ϫ2 during cloudy conditions. Chlorophyll-a concentration increased from D0 and peaked at D4 (24 mg m Ϫ3 ) in the 0-4 m layer (Fig. 1) . Nitrate concentration decreased from D1 and was depleted on D5 (Fig. 1) . Silicate concentration gradually decreased until the end of the experiment and ammonia concentration rapidly decreased at the beginning of the experiment and increased from D7 (not shown). Diatoms were the dominant phytoplankters throughout the experiment (Suzuki et al. 2002) , and small Chaetoceros spp. (4.2 mm in bulb diameter) were observed to be abundant in the microscopic investigation.
Mesozooplankton and microbial community
Copepods were the dominant zooplankters, with the exception of Noctiluca scintillans throughout the sampling period, and Paracalanus parvus s.l. and Corycaeus sp. comprised up to 95% of the copepod total numerical abundance (Fig. 2) . A small number of Acartia and Oithona were observed. However, the number of copepods decreased until D9, then recovered on D11 (Fig. 3) . This decrease may have been caused by diel vertical migration of copepods (samplings were carried out between 9 and 11 am) and the increase on D11 may be caused by mixing of the water column by instability in the bag caused by the intrusion of saline water into the bay between D9 and D11. Therefore, the changes in the copepod biomass could not be determined correctly, but drastic changes of biomass seem not to have happened in the bag and the same was true for changes in the species composition.
The heterotrophic dinoflagellate N. scintillans was the most dominant member of the mesozooplankton especially in the latter period of the experiment (Fig. 3) . They grew from D0 to D7 at a relatively constant rate of 0.51 day , respectively.
Other notable zooplankters were Pleurobrachia bachei Agassiz, siphonophores and hydromedusae. The abundance of siphonophores and hydromedusae generally decreased with time, although P. bachei abundance was relatively constant (Fig. 3) . These carnivorous zooplankters were much larger (1 to 15 mm) than copepods although their numerical abundances were low. Their contribution as predators of copepods, which was not estimated because of the destructive and shrinking effects of the fixative, may be significant, as suggested by Larson (1987) .
Microzooplankton biomass increased 6.2 times from D1 to D5 then gradually decreased except for copepod nauplii and copepodites (Fig. 4) . Small heterotrophic dinoflagellates were dominant throughout the experiment, and these mainly consisted of Gymnodinium spp. Small dinoflagellates increased 6.9 times between D1 and D5 (Table 1) . Large heterotrophic dinoflagellates, which mainly consisted of Protoperidinium spp., were the second most abundant component at the beginning of the experiment, and increased 1.9 times between D1 and D3 in carbon biomass, but their relative abundance gradually decreased from D1 to D9 because of their slower growth rate compared to small dinoflagellates (Table 1) . Oligotrich ciliates, mainly consisting of Strombidium spp. and Strobilidium spp., were minor components at the beginning, then increased 47.6 times between D1 and D5 (Table 1) . Tintinnid ciliates ac- counted for Ͻ3.6% in terms of the carbon biomass, and were a minor component throughout the experiment. Copepod nauplii and copepodites accounted for 4.1-12.3 and 7.1-28.2% of the carbon biomass of the microzooplankton community on D1 and D9, respectively. Apparent growth rates from D1 to the period of the maximum biomass were highest for oligotrich ciliates (0.96 d
Ϫ1
) and lowest for large heterotrophic dinoflagellates (0.19 d Ϫ1 ) (Table 1) . Bacterial abundance in the 0-4 m layer increased during the experimental period (Fig. 5) . The first and second maxima of bacterial biomass were observed on D4 and D14, respectively (Fig. 5) . HNF biomass peaked on D3, D7, and D14. HNF density closely followed the bacterial biomass change without a detectable delay. Bacterial carbon biomass increased from the initial value of ca. 200 mgC m Ϫ2 to 2,000 mgC m Ϫ2 on D14, and the biomass of HNF increased from ca. 320 mgC m Ϫ2 to 1,350 mgC m Ϫ2 on D7. The ratio of the abundance of bacteria to HNF was low at 100-150 at the beginning of the experiment, then increased up to 400 in the late stages. In terms of carbon biomass, however, both bacteria and HNF were more or less comparable (Fig. 5) .
Rate processes of heterotrophic organisms
Egg production rate of Paracalanus parvus increased from D2 to D5, then decreased to the initial level (Fig. 6 ). Daily ratio (produced carbon as eggs/female body carbon) between D2 and D5 was ca. 40%. Increase of the egg production rate was accompanied by an increase in the fecal pellet production rate (r 2 ϭ0.318, pϽ0.01), which indicates that enhancement of the egg production rate was supported by an increase in grazing rate.
Significant linear regressions with negative slopes were obtained in all the dilution experiments except D0 (Fig. 7) . Estimated algal growth rate ranged between Ϫ0.07 and 1.14 day
Ϫ1
, and the microzooplankton grazing rate ranged between 0.17 and 0.85 day Ϫ1 (Table 2) . The phytoplankton growth rates estimated by the 3-point method were a little higher than according to the standard method. The phytoplankton growth rate increased from D0 to D3 then decreased to negative values. The microzooplankton grazing rate closely followed phytoplankton growth. The microzooplankton grazing rates were lower than the phytoplankton growth rates between D0 and D3, then exceeded the phytoplankton growth rate between D4 and D11, which agreed with chlorophyll variation in the bag.
Bacterial production increased rapidly in the first 4 days, and the second increase was observed after D7 (Fig. 8) . The maximum production rate of 1,140 mgC m Ϫ2 d Ϫ1 was observed on D9. The HNF ingestion rate on bacteria varied between 253 and 937 mgC m Ϫ2 d Ϫ1 with the maximum value on D7 (Fig. 8) .
Fate of primary production and grazing dynamics
The primary production estimated by 14 C uptake increased 10.9 times from D0 to D3, and the grazing rate by zooplankton also increased 7.4 times (Fig. 8) . The primary production exceeded the grazing rate from D0 to D5, and the grazing exceeded the primary production only on D7, after that almost balanced rates were observed. In the dilution experiments, the grazing rate exceeded the phytoplankton growth in the latter period ( Table 2) . The difference of primary production between the 14 C uptake and dilution method is considered to be based on a methodological problem in the dilution experiments, which will be discussed later. The grazing rate of P. parvus did not increase much (Fig. 8) although egg production increased responding to phytoplankton blooming (Fig. 6) . The most important grazer was microzooplankton in this experiment. The contribution of microzooplankton to community grazing was largest from D0 to D7, and the response to phytoplankton growth was fastest (Fig. 8) . The grazing by N. scintillans contributed a significant portion to the zooplankton grazing after D5, and N. scintillans became the most important grazer on D9 and D11 (Fig. 9) .
Bacterial production as well as biomass increased from the beginning to the end of the experiment (Fig. 8) . Phytoplankton production and grazing rate on it peaked on D3, then declined rapidly, while the bacterial production as well as HNF grazing showed the first peak on D4, and the second peak at the end of the experiment. These results coincided with the phytoplankton biomass variation (Fig. 8) . Thus, the biomass of herbivorous and omnivorous organisms, except N. scintillans, returned to the initial levels on D9, but the bacterial biomass sustained a high level as did the HNF biomass (Fig. 9) . Sinking flux at the bottom of the bag (14 m depth) was less than 2.4% of the primary production in the 0-4 m layer until D5, then increased an order of magnitude from D7 to D11, at that stage being comparable to the primary production in the 0-4 m layer (Fig. 8) . Overall, sedimentation accounted for 16.4% of the primary pro- Table 2 . Fig. 8 . Production and loss processes in the bag. Sedimentation rate measured at the bottom of the bag (top) (J. Nishioka pers. com.). Bacterial production and HNF grazing rates on bacteria (middle). Primary production measured by 14 C uptake and the estimated grazing rate of major zooplankters (Paracalanus parvus, microzooplankton and Noctiluca scintillans) (bottom). Cross marks indicate no data. duction in the 0-4 m layer during the experimental period (D0-D11), and suggested this to be less important as a loss process for phytoplankton than grazing by herbivorous zooplankton in this experiment (Fig. 8) .
The phytoplankton biomass increased due to the enhanced growth rate after nutrient enrichments and returned to the initial level on D9 (Figs 8 & 9) . Overall, the contribution of microzooplankton grazing was the major loss process for phytoplankton. Their response to the phytoplankton was very quick, and they consistently removed about 50% of the primary production (Figs 8 & 9) .
Discussion
Trophodynamics
The manipulation of the bag was similar to other mesocosm experiments except for the lack of stirring to promote turbulence in the water column. However, we carried out pumping using a hose through all depths, to minimize sampling errors caused by the vertical heterogeneity of phytoplankton distribution. This experiment used a rather large volume mesocosm (62 m 3 ), having four trophic levels present (phytoplankton-microzooplankton-copepods-carnivores). Furthermore, feeding or production rates of heterotrophic organisms were measured at short intervals by semi in-situ methods. The results showed general agreement with other mesocosm experiments and spring bloom observations in relation to the following points: dominance of diatoms, importance of microzooplankton (ciliates and heterotrophic dinoflagellates) as primary consumers, and the minor importance of mesozooplankton (copepods) as primary consumers (e.g. Hama et al. 1988 , Jacobsen et al. 1995 . In contrast, there were some characteristic responses in the present mesocosm experiment. Firstly, sedimentation was of minor importance in the loss processes of phytoplankton. Sedimentation of intact cells has been reported as ). Grazing and production rates of HNFs were calculated from the value obtained in the nearest day to Day 1, 4, 9, respectively. PHY: phytoplankton, BAC: bacteria, NOC: Noctiluca scintillans, MIC: microzooplankton, HNFs: heterotrophic nano-flagellates, COP: copepods. a major path of carbon flow in diatom-dominated assemblages of phytoplankton (e,g, Montani & Mishima 1993) . Generally, 30 to 70% of the primary production has been estimated to sink according spring bloom observations and mesocosm experiments (Whelschmeyer & Lorenzen 1985 , Laws et al. 1988 , Keller & Riebesell 1989 , Lignell et al. 1993 , Nielsen & Kiørboe 1994 , Keller et al. 1999 . In this experiment, sedimentation was 16.4% of the primary production in the 0-4 m layer during the experimental period (D0 to D11). The difference in the contribution of sedimentation is considered to be due to several factors. Firstly, the dominant phytoplankton was a small-sized diatom Chaetoceros spp. (4 mm) that does not form a long chain. The sinking rate of small-sized diatoms is lower than for largesized chain-forming diatoms, which generally form blooms responding to the nutrient input (Hama et al. 1988 , Jacobsen et al. 1995 . Moreover, oligotrich ciliates, which showed the fastest growth rate responding to phytoplankton production in our experiment, have been reported to show selectivity for nano-sized particles (Smetacek 1984 , Kivi & Setälä 1995 . Heterotrophic dinoflagellates were a major component throughout the experiment and these can graze on diatoms even larger than their body size (Jacobson & Anderson 1986 , Saito et al. 2006 . Then, the microzooplankton community might graze on these small-sized diatoms efficiently. Secondly, our experiment was carried out in the mid-summer season. Then, the water temperature (16.5-20.5°C) was higher than during spring bloom conditions. Growth rates of heterotrophic organisms (microzooplankton and bacteria) depend on the water temperature (Nielsen & Kiørboe 1994) . Therefore, these organisms could respond quickly to the elevated primary production under a high water temperature.
Our results clearly show that microzooplankton grazing on phytoplankton is one of the most important processes contributing to steady state dynamics in the ocean such as the HNLC condition. In particular, the importance of oligotrich ciliates is suggested because they showed the most rapid response and highest growth rate, being comparable to the fastest-growing phytoplankton taxa (Suzuki et al. 2002) . "The microbial loop hypothesis" of Azam et al. (1983) is a widely accepted concept of material and energy flow in aquatic environments. In this hypothesis, the importance of free-living ciliates is stressed as a predator of HNFs. Top-down control of nanoflagellates in the aquatic system is well documented (Verity & Smetacek 1996 , Rassoulzadegan & Sheldon 1986 , Roman et al. 1988 . In this study, the importance of ciliates as well as mesozooplankton was not measured directly, but was suggested because the apparent growth rate of HNFs was slow compared with the high grazing rate on bacteria (Figs 5 & 8) . On the other hand, microzooplankton constantly removed about 50% of the primary production throughout the experiment without any detectable delay of response. Microzooplankton could be more important as phytoplankton consumers rather than predators of HNFs. The importance of microzooplankton as primary consumers has been well documented in various ocean environments, and they can consume 40 to 100% of the daily primary production (Landry & Hassett 1987 , Tsuda & Kawaguchi 1997 , Schlüter 1998 , Strom et al. 2007 ). In contrast, bacterial biomass as well as production rate increased to the end of the experiment, although the biomass partly followed the phytoplankton biomass variation (Figs 5 & 8) . In field observations, bacterial peak abundance has been observed 3 to 4 days later than the peak of phytoplankton biomass (Andersen & Sørensen, 1986 , Riemann et al. 1990 , Tsuda et al. 1994 . The increase of bacterial biomass and production most likely depend on the dissolved organic matter (DOM), which increased 20 mM in dissolved organic nitrogen (DON) from D0 to D7 (S. Takeda pers. com.). It seems that the time scale of the bacterial responses in this experiment, which was probably determined by DOM release from the community, was longer than those of ciliates and heterotrophic dinoflagellates.
Another important grazer in this experiment was Noctiluca scintillans, especially during the post-bloom period. N. scintillans is a widely distributed heterotrophic dinoflagellate that often causes red-tide in coastal waters. Recently, a shift from a diatom-dominated community to a Noctiluca-dominated community was reported in the vast area of the Arabian Sea (Gomes et al. 2008) . Grazing impacts by N. scintillans has been less studied compared with those by copepods and ciliates. High growth rate (0.51 d Ϫ1 ) well agreed with values obtained by laboratory culture with optimum food concentrations (Tada et al. 2004 ). Tada et al. (2004) also showed that N. scintillans have relatively high growth rates between 15 and 25°C. Therefore, the enhanced primary production and the suitable temperature are considered to have been favorable for growth of N. scintillans in this experiment. The biomass of N. scintillans exceeded the phytoplankton biomass and it became the most important grazer from D9. After D7, the growth rate of N. scintillans decreased because the lowered primary production could not support the further production of N. scintillans (Fig. 9) . In this estimation, we assumed N. scintillans fed on phytoplankton. However, N. scintillans can also feed on animal prey such as copepod eggs (Sekiguchi & Kato 1976 , Kimor 1979 ). They do not have swimming ability and the prey are caught in the mucus attached to the tentacle (Hansen & Calado 1999) . Therefore, a certain portion of their food can be expected to have been obtained from microzooplankton and copepods, especially in the later period, because the relative abundance of phytoplankton decreased (Fig. 9) .
Comparison of parameters of the phytoplankton growth
Phytoplankton growth rates estimated by the dilution method have rarely been compared with 14 C uptake rates (Nejstgaard et al. 1997) . In the present study, two independent estimates of phytoplankton growth rates were done ( 14 C uptake, m by the dilution method). Both estimates showed peaks on D3 (Fig. 7 ) and 14 C uptake and m by the dilution method have a linear relationship with a slope of about 1. These results suggest that the phytoplankton growth estimates by the dilution method were as reliable as those based on 14 C uptake. However, a difference in these two estimates was observed after D3 (Fig. 10) . The growth rate estimated by the dilution method was about 0 after D7, although a significant amount of carbon was assimilated according to the 14 C uptake experiments (Fig. 10) . These results suggest that a part of the phytoplankton production can not be measured by the dilution method during the declining phase of a phytoplankton bloom. Such a phenomenon may be caused by phytoplankton mortality not affected by dilution, such as a viral infection, or a case when phytoplankton populations with different chlorophyll content had different growth and mortality rates. However, HPLC measurements with dilution incubation also indicated negative growth rates in the declining period (Suzuki et al. 2002 ). Nutrient depletion is another possible cause of the difference between the two methods. However, linear regression lines were obtained even in the declining period of the phytoplankton bloom. Furthermore, addition of nutrients was employed in the later experiments that were done during 1999 summer, but it had little effect on the phytoplankton growth during the declining period (Suzuki K unpubl.) . Then, pigment degradation without grazing is the most likely explanation for the difference between the two methods. These results show that growth rates estimated by the dilution method are as reliable as 14 C uptake during steady state and the growing phase of phytoplankton in the ocean. 
